The complete nucleotide sequence of a genomic clone encoding the mouse skeletal a-actin gene has been determined. This single-copy gene codes for a protein identical in primary sequence to the rabbit skeletal a-actin. It has a large intron in the 5'-untranslated region 12 nucleotides upstream from the initiator ATG and five small introns in the coding region at codons specifying amino acids 41/42, 150, 204, 267, and 327/328. These intron positions are identical to those for the corresponding genes of chickens and rats. Similar to other skeletal a-actin genes, the nucleotide sequence codes for two amino acids, Met-Cys, preceding the known N-terminal Asp of the mature protein.
Southern blot (48) analysis with the Drosophila actin probe localized the mouse a-actin-coding region to a single 6.8-kilobase (kb) EcoRI fragment in the cosmid clone. This fragment was subcloned into the EcoRI site of plasmid pSP62-PL (28) , provided by D. Melton, Harvard University.
The restriction endonuclease map of the 6.8-kb EcoRI fragment was determined by single and double enzyme digests. Subsequently, the 3.9-kb BamHI-EcoRI fragment was subcloned into the BamHI and EcoRI sites of the plasmid pSP62-PL (see Fig. 1B ) and mapped in finer detail by digestion with more restriction endonucleases.
Localization of the promoter region of the a-actin gene. Several different restriction endonuclease digests of the 6.8-kb EcoRI fragment were probed with a 20-base oligonucleotide (5'-GCCCAACACCCAAATATGGC-3') containing the sequence of the CAAT promoter homology, highly conserved between the skeletal a-actin genes of chickens and rats (34) . The oligonucleotide was 5' end labeled with polynucleotide kinase and [-y-32P]ATP, and hybridization was performed directly in the dried agarose gel as described previously (39) . A linearized chicken skeletal a-actin genomic clone (provided by C. Ordahl [13] ) and EcoRIlinearized SP6 vector were used as positive and negative controls, respectively. M13 cloning and DNA sequencing. Appropriate restriction fragments from the 6.8-and 3.9-kb inserts were subcloned, in opposite orientations, into the multiple cloning sites of M13 mpl8 and M13 mp19 RF vectors, transforming first into E. coli JM101 for high efficiency and replating with E. coli JM109 (recA-) to prevent sequence changes.
Single-stranded M13 templates were sequenced by the dideoxy chain termination procedure (41) with an [a-35S]dATP (500 Ci/mmol) label as described by Biggin et al. (3) , with the following modifications. (i) The synthetic pentadecanucleotide (5'-TCCCAGTCACGACGT-3') and the hexadecanucleotide (5'-GGGTAACGCCAGGGTT-3') were used as sequencing primers. (ii) The dideoxy sequence reactions were carried out in 50 mM NaCI-7 mM Tris hydrochloride (pH 7.4)-10 mM MgCl2-3 mM dithiothreitol.
(iii) The final concentrations of unlabeled nucleotides in each sequence reaction were as follows: A reaction, 25 ,uM dCTP, 25 (23, 52 ). An asterisk indicates an "extra" serine residue between codons 234 and 235, which has been desigznated position 234a (23, 52) . A hatched box represents a sp)lice junction border, and a vertical arrow denotes the cap site which is assigned as nucleotide number 1. The CAAAT, TATA, and putative polyadenylation signal ATTAAA are indicated by the boxes. The 5'-and 3'-untranslated gene regions are underlined, and a G+T-rich stretch downstream from the putative polyadenylation site (16, 26) is underscored with a broken line. The restriction sites used for the exonuclease VII mapping described in the legend to Fig. 3 are marked and underlined. Abbreviations: Trm, termination codon; 3'UT, 3'-untranslated region. mM dithiothreitol and heated to 65°C for 10 min. This heating step substantially improved the resolution of extension products over background, as observed by Fornwald et al. (13) . An (Fig. 1A) and subcloned into the EcoRI site of the plasmid vector pSP62 (Fig. 1B) 19 localized to about 100 base pairs within the SmaI-SstI region ( Fig. 1C and D) by hybridization with the 20-base oligonucleotide probe containing the sequence of the CAAT promoter homology which is highly conserved between the skeletal a-actin genes of chickens and rats (34) (data not shown). This result confirmed that the subcloned EcoRI fragment contained the 5'-flanking sequence of the gene. Also, it suggested that the position of the transcription initiation site should be close to the SstI site. The detailed restriction endonuclease map of the actin-coding and flanking regions in Fig. 1C was used to choose the DNA fragments to be subcloned into M13 and mpl8 and mpl9 vectors for sequencing. From these subclones we determined the linear sequence of 4,007 nucleotides, on both strands independently (Fig. 2) .
Amino-acid-coding region of the mouse skeletal a-actin gene. The complete nucleotide sequence of the mouse skeletal a-actin gene with the 5'-and 3'-flanking regions is shown in Fig. 2 . Exons within the protein-coding region and the introns separating them were initially assigned mainly by homology with the rat skeletal a-actin genomic sequence (54) and in part by comparison with the partial cDNA sequence for the carboxy-terminal portion of the mouse protein (29) . This assignment was supported by the fact that the sequences at the presumed exon-intron junctions are in accordance with the consensus sequence for splice sites (7) . In addition, the expected lengths of exons 2, 3, 4, and 5 were confirmed experimentally within an accuracy of ±+3 nucleotides by hybridizing an SP6 anti-sense transcript of a BamHI-EcoRI fragment (Fig. 1B) The coding sequence begins with codons for two amino acids, Met and Cys, which are absent from the mature protein. They are followed by the codon for Asp (GAC), the known N-terminal residue of striated muscle actin. The same two codons preceding the codon specifying the N-terminal amino acids are found in the human (20) , rat (54) , and chicken (13) skeletal oa-actin genes and in the human (19) and chicken (8) cardiac a-actin genes. Interestingly, these two codons are also found in all six Drosophila actin genes (14) and sea urchin actin genes (10, 43) , but the Cys codon is absent in vertebrate cytoskeletal P-actin genes (22, 33, 38) . It has been suggested that the Met-Cys dipeptide is removed by posttranslational processing (54) .
Although the derived sequence of the primary skeletal a-actin is 377 residues, we have numbered the amino acids in Fig. 2 in conformity with the numbering system suggested by Lu and Elzinga (23) and Vandekerckhove and Weber (52) , which yields 374 positions. Of the three additional positions, two are the Met-Cys dipeptide at the N-terminus, while the third is an "extra" serine residue between positions 234 and 235 which has been designated 234a (23, 52) .
The coding region of the mouse skeletal a-actin gene is split by five introns (Fig. 1D) (IVS 5) , and 327/328 (IVS 6). These intron positions are identical to those for the corresponding genes of chickens and rats (13, 54) . The length and positions of the exons and introns may be deduced from Fig. 2 (29) could be used to identify the translated regions of the gene, independent means were required for delineating the 5'-untranslated region. The 5' borders of the first, untranslated, exon and the second exon were approximately determined by exonuclease VII mapping (Fig. 3A and B) . In addition, the precise assignment of the transcription initiation site, ACAC, was confirmed by a newly developed mapping technique by using T4 DNA polymerase (M. C. T. Hu and N. Davidson, submitted for publication) and assigned to be nucleotides -1/1. This site was identified 1,031 nucleotides upstream from the initiator ATG codon (Fig. 2) . We assigned the 5' border of the first intron to nucleotides 58/59 by matching the length of the primer extended product (Fig. 4) (50) . Note that the free energies for the base-paired regions in the 5'-flanking region were estimated by the same method, assuming that the stacking energies of DNA base pairs are similar to those of RNA base pairs. CAAAT, TATA, and putative polyadenylation signal ATTAAA are indicated by the boxes.
exons. The sequences at the determined borders of the first intron are in agreement with the consensus splice site sequences (7) . Thus, the first intron is 961 nucleotides long and interrupts the 5'-untranslated region 12 nucleotides upstream from the initiator ATG codon.
A canonical promoter sequence TATATAAA (5) was identified at nucleotides -33 to -26 (Fig. 2) , and a CAAAT sequence (12) was located 91 nucleotides upstream from the transcription initiation site. The positions of these regulatory sequences in the promoter region correspond well with those of similar sequences found upstream from the 5' cap site of other eucaryotic genes (7) .
Sequence of the 3'-untranslated region of the mouse skeletal a-actin gene. The location of the polyadenylation site was 8. Comparison of the nucleotide sequence of the 3'-untranslated regions of vertebrate skeletal a-actin genes. Alignment of the 3'-untranslated region sequences of mouse, rat, chicken, and human (partial) skeletal a-actin genes. Symbols are as described in the legend to Fig. 6 . The putative polyadenylation signal ATTAAA is highlighted with a solid bar, and the termination codon TAG is indicated with an asterisk.
identified approximately at nucleotide 2944 (±5 nucleotides) of the sequenced gene - (Fig. 2) by exonuclease VII mapping (Fig. 3C ). The sequence ATTAAA was located 25 nucleotides upstream from the polyadenylation site. In addition, the sequence TGTGTGTGG was found 4 nucleotides downstream from the polyadenylation site, in agreement with the suggestion that a G+T-rich stretch downstream from the polyadenylation site is required for the correct 3'-end formation of mRNA (16, 26) . Another potential polyadenylation signal AATAAA was also found at nucleotides 2942 through 2947, about 22 nucleotides downstream from the end of the putative polyadenylation signal ATTAAA identified above.
We have no evidence that this second potential signal functions in the mouse.
Thus, the 3'-untranslated region of the mouse skeletal a-actin mRNA is about 245 nucleotides long [excluding the poly(A) tail]. It is about the same size as the 3'-untranslated regions of the rat (241 nucleotides [54] ) and human (253 nucleotides [37] ) skeletal a-actin mRNA but much shorter than that of rat cytoskeletal ,-actin mRNA (670 nucleotides [33] ). The length of skeletal a-actin mRNA in mammals is about 1,650 nucleotides (31, 37, 44) , including the poly(A) tail. Comparison with the total length of transcribed sequences in the mouse and rat genes (about 1,450 nucleotides) would suggest that the poly(A) tail is about 200 nucleotides long.
Copy number of the mouse skeletal a-actin gene. Southern blot analysis of BALB/c genomic DNA digested with four different restriction endonucleases (PstI, BglII, HindIII, and SstI) demonstrated that genomic and cosmid fragments hybridizing with the skeletal a 3'-untranslated regionspecific probe comigrate (data not shown). This result suggests that the gene is present in single copy in the mouse genome, in agreement with previous reports (29, 30) . DISCUSSION Strong homology and interesting inverted repeat structures in the 5'-flanking region and both the 5'-and 3'-untranslated regions of vertebrate skeletal a-actin genes. We have aligned the nucleotide sequence of the mouse skeletal a-actin gene with those of the rat and chicken by using percent homology profiles (Fig. 5) . All alignments depend on introduction of gaps for maximal homology, and areas of high and low homology between two sequences are displayed as peaks and troughs, respectively. The coding sequences show a very high degree of homology (-90%), as expected since the proteins themselves are identical. In comparison of rat with mouse, the intron sequences between coding exons are about 75% homologous, except for intron 3, for which the lengths differ by 49 nucleotides. The corresponding introns of the chicken are much more divergent in length and sequence. In comparing rat with mouse, the long intron following the 5' untranslated exon 1 shows sharp peaks of conserved and nonconserved regions.
Figures 5 and 6A show very high conservation (-85%) in the 5'-flanking region between the cap site and 300 nucleotides upstream of rat and mouse skeletal a-actin genes. The homology between chicken and mouse in the same region is also rather high (-60%). Nudel et al. (32) have found a similar degree of homology between the rat and chicken skeletal a-actin genes. We have also found considerable homology in the 5'-untranslated region. By introducing gaps for best alignment (Fig. 6B) there is (i) a high degree of homology between rat and mouse in the 5' untranslated region, (ii) a rather high degree of homology between human and rodents, except for three long inserts in the human gene, and (iii) a moderate degree of homology between chickens and rodents. Conserved sequences between chickens and rats around the CAAT box and about 46 to 59 nucleotides downstream from the cap site have been previously recognized by Ordahl and Cooper (34) . A similar comparison of the 5'-untranslated regions of nonmuscle 3-actins (human cDNA and rat genomic sequence) also shows a high degree of sequence conservation (38) . We find, however, no crosshomology between a-and j-actin 5'-untranslated regions. A number of studies have suggested that the sequence and structure of the mRNA in the 5'-untranslated region have an important role in regulation of translation (11, 36, 40, 46) . The fact that there are conserved sequences in the 5'-untranslated region in all of the vertebrate skeletal a-actin genes, but a different set of conserved sequences in the cytoskeletal ,-actin genes, suggests that there may be developmentally specific translational regulatory mechanisms in muscle versus nonmuscle cells.
It is striking that a number of inverted repeat structures exist in the 5'-flanking and the 5'-untranslated regions of the rodent and chicken genes. These are indicated as inverted repeats in Fig. 6 for a single strand in Fig. 7A and B. Some of these inverted repeat structures have been conserved between chickens and rodents. The species compared (avian and mammalian) have been separated for more than 250 million years (12) , indicating a strong selective constraint to conserve these sequences and suggesting that the sequences may be biologically significant. If the primary transcripts actually initiate at the cap site, the structures shown in Fig. 7A and B would not occur in the RNA. These sequences could function as duplicated transcription factor binding sites, with the bound factors (presumably proteins) having opposite orientation at the two members of an inverted repeat as postulated by McKnight et al. (25) and by Giniger et al. (18) . Alternatively, some single-strand DNA regions may be opened up during formation of a transcription bubble, and these hairpins could then form in the DNA as indicated in Fig. 7 . Potential hairpin structures have also been found in the 5'-flanking region and the first untranslated exon in the rat cytoskeletal 1-actin gene (33) . They differ, however, from those found in the skeletal a-actin genes. For example, whereas the TATA box is presented within a loop of the rat P gene, it is found between stem-loop structures in the a genes. The existence of such differences between the cytoskeletal and musclespecific actin genes raises the possibility that the conserved inverted repeats in the a genes are important for tissuespecific expression. To our knowledge, this is the first description of inverted repeats and possible secondary structure formation among the highly conserved sequences in the 5'-flanking and the 5'-untranslated regions of vertebrate skeletal a-actin genes.
A long sequence of about 110 nucleotides, including the putative polyadenylation signal ATTAAA, is highly conserved in the 3'-untranslated region of vertebrate skeletal a-actin genes (Fig. 8) . It is noteworthy that two blocks of these highly conserved sequences in the 3'-untranslated region can form a stem-loop structure with estimated stabilities of -8.4 kcal/mol for mice and rats (Fig. 7C) and -8.2 kcallmol for chickens (Fig. 7D) . These structures are immediately upstream from the ATTAAA polyadenylation signal. It has been suggested that the inverted repeat at the 3' end of sea urchin histone mRNA is important for the generation of the histone mRNA 3' termini (5, 6) . This putative structure does not act as a DNA cruciform, but exerts its function at the level of the RNA transcripts (4). It is conceivable that the potential hairpin structure upstream from the putative polyadenylation signal in skeletal a-actin plays a role in the correct 3'-end formation of skeletal a-actin mRNA.
Interesting features in the first intron of vertebrate skeletal a-actin genes. Rat and mouse skeletal a-actin genes have a long first intron compared with chickens (i.e., 976, 961, and 111 nucleotides for rats, mice, and chickens, respectively). There are several highly conserved sequences in this intron between rats and mice, but the introns are quite divergent in other regions (Fig. SA) . The chicken first intron is quite G+C rich (82%) compared with rat introns (53.5%) and mouse introns (52%). We have been unable to find any sequence homology between the chicken and rodent introns. There are two inverted duplications within the rodent first intron. Both occur within the conserved sequences (arrows in Fig. 5A ). Furthermore, an inverted repeat can also be found in the chicken first intron (shown as a hairpin in Fig. 9C ). The remarkably stable hairpin structures in the vertebrate first intron (Fig. 9) may form in the primary transcript. If the splicing apparatus tracks along the intron in search of splice sites, it may be able to pass along the base of such hairpins. The hairpins would effectively shorten the intron, thereby expediting its excision by splicing. A similar mechanism has been proposed as one way to explain intermolecular splicing between two RNAs base paired through their intron sequences (47) . Alternatively, we speculate that these inverted repeats may play a role of transcriptional enhancement in the regulation of tissue-specific gene expression because it has been proposed that a tissue-specific transcription enhancer element is located in the intron of a heavy-chain immunoglobulin gene (17) . In fact, the putative "core" sequence in the heavy-chain gene intron is present as an inverted repeat (17) .
In conclusion, we have found several conserved and inverted repeat sequences outside of the protein-coding region of the skeletal a-actin genes. It would be interesting to investigate whether these conserved inverted repeat sequences serve as regulatory elements in differentiated muscle cells.
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